The Horoman peridotite complex, Hidaka belt, Hokkaido, northern Japan, is composed of three peridotite suites which have distinct petrographic characteristics. The first is the Main Harzburgite-Lherzolite (MHL) suite, which occupies the most part of the Horoman peridotite complex. The MHL suite consists of harzburgite, spinel lherzolite and plagioclase lherzolite, which form a layered complex with gradational layer boundaries. Two-pyroxene spinel symplectite, which is interpreted as a chemically modified garnet pseudomorph, occurs in spinel and plagioclase lherzolites. The MHL suite is of typical residual origin after various degrees of magma extraction, which resulted in wide chemical variations. The second, the Banded Dunite -Harzburgite (BDH) suite, consists of conspicuously layered dunite, harzburgite and olivine orthopyroxenite with sharp layer boundaries. The BDH peridotites are probably exotic blocks within the MHL suite. Mineralogical characteristics of the BDH suite suggests that it is a cumulate from a high-Mg magma (e.g., high-magnesian andesite). The third, the Spinel-rich Dunite-Wehrlite (SDW) suite, consists of dunites containing abundant large oblate chromian spinel grains. The dunite becomes locally wehrlitic and contains clinopyroxene up to 8%. The SDW occurs in the MHL harzburgite zones as layers with maximum thickness of 15m. The layer boundaries with the harzburgite of the MHL suite are generally sharp. The petrographical and mineralogical characteristics show that the SDW is a cumulate from a magma segregated from the surrounding MHL suite. The melt segregation may be caused by formation of cracks in upwell ing mantle materials just before the mantle materials spreading away from the upwelling center as a corner flow. A series of layered residual peridotite (MHL suite) zones, of which degree of melt extraction increases inwards, formed around the SDW dikes.
I. Introduction
Several mechanisms of the melt segrega tion in the mantle have been proposed. There are, however many controversies on this matter (e.g., Sleep, 1974 Sleep, , 1988 Nicolas, 1986 Nicolas, , 1989 , and no definitive conclusions have yet been reached. In order to understand the melt segregation process, volcanic rocks have been usually inves tigated as "frozen magma" from the upper mantle. Those magmas, however, have expe rienced shallower events, such as fractional Nagasaki, 1966; Niida, 1974 Niida, , 1975 Niida, , 1984 Obata and Nagahara, 1987) . After the pioneering works of Nagasaki (1966) and Niida (1984) , Obata and Nagahara (1987) presented a interesting model for the origin of the gradual layering of the lower part of the complex; they interpreted that the layering represents upward moving melt wave which was frozen as an alternation of highly depleted residual and melt-enriched fertile zones. Their idea of the origin of layering looks very attractive because it provides a plausible expla nation for melt segregation processes.
In con trast, Takahashi (1988MS, 1991 performed detailed petrological works and found that the Horoman complex is composed of quite various kinds of ultramafic rocks, which had been produced by time-integrated igneous processes in the upper mantle. Horoman complex may have undergone tectono-magmatic evolution in the upper mantle, and its petrologic diversity can not be explained by the simple one-stage model of Obata and Nagahara (1987) .
The purpose of this paper is to identify and characterize three distinct peridotite groups from the Horoman complex, which have been treated as a single group by previous workers (i.e. Niida, 1984; Obata and Nagahara, 1987) . This paper discusses a history of the Horoman peridotite complex including melting, melt seg regation and solidification, using several con straints obtained through detailed petrologic studies of these three peridotite groups. (Niida, 1984; Obata and Nagahara, 1987) . The thick ness of individual layer is typically less than a few hundred meters. It occupies the most part of the Horoman complex (Fig. 1) , and corre sponds to the "Main Peridotite Suite" of Taka hashi et al. (1989) . Previous workers (e.g. Niida, 1984; Obata and Nagahara, 1987) exclu sively dealt with the rocks of this suite. Most of the "dunite" reported by previous workers are actually harzburgite, because they usually contain more than 5 volume % of orthopyrox- ene.
Dunite containing more than 90 volume % of olivine is very rare in the MHL suite. The Banded Dunite-Harzburgite (BDH) suite corresponds to the "Furukawa Peridotite Suite" of Takahashi et al. (1989) . One of the peridotite bodies occurring along Furukawa, one of tributaries of the Horoman river, in the northeastern part of the complex, was first described by Arai and Takahashi (1986) . This suite is composed of refractory dunite, ortho -pyroxene-rich harzburgite and olivine ortho pyroxenite which are almost free of clinopyro xene (Fig. 2) . It is characterized by a conspicu ous modal and/or phase layering with sharp boundaries; individual layers range from a few centimeters to a few meters in thickness (Fig.   3 ). The BDH suite occurs in the upper part of the MHL suite as several discontinuous bodies The Spinel-rich Dunite-Wehrlite (SDW) suite is composed mainly of dunite with local wehrlitic portion (Fig. 2) . The SDW suite cor responds to the "Cumulus Dunite Suite" of Takahashi et al. (1989) . This suite usually contains abundant (sometimes up to 5 volume %) large (up to 4mm in diameter) oblate chromian spinel grains (Fig. 4) 2 and 4). The harzburgite layer locally con tains patchy dunitic part (about several square centimeters across), where orthopyroxene seems to be accidentally rare.
The two-pyroxene spinel symplectite (e.g., Kushiro and Yoder, 1966; Tazaki et al., 1972) The other type is a small-scale layering with sharp bound aries. Thin layers (several tens of centimeters to a few meters) of the symplectite-free lher zolite are frequently present in the symplectitebearing lherzolite, but the layers of the latter are rarely present in the former (Takahashi, 1988MS) . It is noteworthy that the grain size of spinel in symplectite increases and the abundance of symplectite decreases as the peridotite becomes more depleted.
In the spinel lherzolite layer, size of spinel in the symplectite gradually grows larger as well as volume of symplectite becomes smaller, as it leaves from the bound ary with plagioclase lherzolite.
The symplectite occurring in spinel lher zolite near the boundary with plagioclase lher zolite consists not of two pyroxenes+spinel but of olivine+spinel+plagioclase+/-orthopyroxene. The spinel is surrounded by a thin film of plagioclase. This symplectite gradually changes into very fine-grained aggregates of olivine, spinel and plagioclase and/or orthopyroxene (Takahashi and Arai, 1989) . These aggregates gradually change further into thin seams (about 0.8mm thick) in plagioclase lher zolite. The seams in plagioclase lherzolite locally include partly disintegrated equivalents of the fine-grained aggregates.
Another important occurrence of symplectite is a rounded inclusion in a coarse orthopyroxene porphyroblast (Takahashi and Arai, 1989) . The inclusion is an ellipsoid elon gated parallel to the lineation of the host rock. The symplectite inclusion is discrete and is free of a fine-grained aggregate fringe, The inclu sion exhibits a polygonal outline in a section vertical to the lineation, which suggests a cross (Fig. 2) . Discrete clinopyroxene grains are very rare except near the gabbroic rocks as described later. Minute clinopyroxene grains occur very locally at the rim of coarse orthopyroxene grains.
The bodies of BDH suite have been recog nized from five localities which can be grouped into two areas. One is the Horoman river area, where dunite layers are predominant. The other is the Apoi area, where a conspicuous banding of dunite and harzburgite is developed. The gabbroic rocks are always associated with the BDH peridotite except for one locality of the Apoi area.
The BDH suite in the Horoman river area shows a weak layering; a few layers of olivine orthopyroxenite and harzburgite (several centi meters to a meter in thickness) occur in a thick dunite layer (several meters in thickness).
In this locality, three bands of gabbroic rocks are found in peridotites.
They have almost a simi lar mineralogy with slight but critical the duitite is very sharp. The dunite shows equigranular texture. Towards the contact with the gabbroic bands, the color of the spinel tends to become paler, from greenish brown to light brownish green. Adjacent to the very contact with the dunite, the gabbroic rocks include some dunite fragments and clinopyrox ene and spinet grains probably derived from the dunite of the SDW suite. The spinel grains in the dunite fragments are surrounded by plagio clase rind, towards which the color of spinet varies from green to slightly brownish green, suggesting a reaction of spinel and melt produc ing chrome-rich spinel and plagioclase.
The xenocrystic clinopyroxene grains have thick orthopyroxene exsolution lamellae.
V. Mineral chemistry V-1.
The MHL suite The MHL peridotites show a wide varia tion of mineral chemistry, which correlates excellently with the modal composition; the Fo content of olivine and the Cr/(Cr+Al) atomic ratio (Cr#) of discrete spinel decrease with an increase of the modal percentage of pyroxenes (Figs. 2 and 5) . The Fo content of olivine ranges from 90.8 to 92.8 in harzburgite, 90.0 to 91.8 in spinel lherzolite and 88.8 to 90.0 in plagioclase lherzolite (Fig. 5) . The Cr# of coarse discrete spinet core ranges from 0.45 to 0.68 in harzburgite, 0.18 to 0.46 in spinel lher zolite and 0.08 to 0.17 in plagioclase lherzolite (Figs. 5 to 7) . The Cr# of coarse discrete spinet core systematically increases with a slight increase of the Fo content of olivine (Fig. 5) . Whole MHL data make a trend entirely placed within the "olivine-spinel mantle array" of Arai (1987) . The NiO content of olivine increases systematically with an increase of the Fo con tent (Fig. 8) . This trend is consistent with the "mantle olivine array" of Takahashi et al . Cr# ratio of the bulk of symplectite tends to be lower than that of the discrete spinels (Takahashi and Arai, 1989) . V-2. The BDH suite
The peridotites of BDH sufficiently far away from the gabbroic rocks have a uniform mineralogy.
In the Horoman river area, the Fo content of olivine of the dunite and harz burgite mostly ranges from 93 to 94 (Fig. 9 ) and spinel is low in TiO2 (less than 0.18 wt%, mostly nil) (Fig. 7) and high in Cr (Cr#=0.82-0.88) in the massive part (Figs. 6 and 7) . The NiO content of olivine, ranging from 0.35 to 0.40 wt%, is positively correlated with the Fo content (Fig.  8) . Olivine in dunite and harzburgite from the banded part exhibits low Fo content and is poor in NiO content, ranging from 0.25 to 0.33 wt%. The low Fo and NiO contents of olivine in banded part, where gabbroic rocks are not present nearby, may not be due to metasomatism from the gabbro, because Tirich minerals are not found in these peridotites, and because spinel is high in Cr and very low in Ti.
The mineral chemistries of the BDH change in a systematic way towards the gab bro. The changes may be due to a metasomatism from the gabbroic rocks. The Fo content of olivine decreases to 91.0, and the Cr# of spinel decreases to 0.5. The TiO2 con tent of spinel increases up to over 1.0 wt% and the Fe3+ content of spinel decreases towards the gabbro.
In the Apoi area, the Fo content of olivine is relatively low and constant, ranging from 91.5 to 92.0 (Fig. 8) . The Cr# of chromian spinel ranges from 0.73 to 0.87 (mostly higher than 0.76) and the TiO2 content is lower than 0.34 wt% (mostly nil). Near the gabbro bands the mineral chemistry abruptly changes; the Fo content of olivine decreases to about 89.0, the Cr# of spinel decreases to lower than 0.7 and the TiO2 content of spinel increases up to 0.8 wt%.
The Ti content of spinel and the Fo and NiO contents of olivine are discontinuous across the boundary between the MHL and the BDH. The abrupt changes occur within sev eral centimeters. The discontinuity of the NiO content is especially evident (Fig. 9) . The Cr# of spinel in the underlying harzburgite of MHL suite, however, gradually increase towards the BDH suite (Fig. 9) . In terms of the olivine composition, the MHL data are confined in the "mantle olivine array" of Takahashi et al .
(1987), but those of the BDH are seriously deviated from it (Fig. 8) .
V-3
The SDW suite
The peridotite of SDW contain Ti-rich and relatively aluminous spinel; the TiO2 wt% ranges from 0.12 to 0.87 and the Cr# ranges from 0.24 to 0.56 (Fig. 7) . The SDW spinels are enriched with Fe3+ relative to those in per idotites of the other suites (Fig. 6) . The Fo content of olivine ranges from 88.8 to 91.2 and the NiO content is low (from 0.28 to 0.35 wt%) (Fig. 8) . Those characteristics are common to all peridotites of the SDW suite.
The mineral chemistries of SDW and sur rounding harzburgite of the MHL show system atic changes.
Fo content of olivine is almost constant in the harzburgite, but the Cr# of spinel gradually increases toward the dunite layer and is the highest nearby the contact with the dunite layer. Across the contact, these values change abruptly.
In particular the vari ation is steep at the upper contact of the thick est dunite layer: Fo content of olivine changes from 91.7 in harzburgite to 90.6 in dunite and
Cr# of spinel changes from 0.62 in harzburgite to 0.39 in dunite for only 20cm in distance. At Fig. 9 . Compositional variation of spinel and olivine in the BDH and MHL peridotites in the Apoi area (see Fig. 3 ). Note the compositional gap between the BDH and MHL rocks.
the just contact, their chemical compositions seem to be almost continuous. The NiO con tent of olivine and TiO2 content of spinel, how ever, have clear gaps at the contact: in the MHL harzburgite olivine has 0.38 wt% of NiO and spinel, less than 0.05 wt% of TiO2, but in the SDW dunite olivine has 0.32 wt% of NiO and spinel, 0.4 wt% of TiO2. On the other hand, these values change gradually for a meter at the lower boundary. An example of the variation of mineral chemistries of the SDW suite and the MHL suite along the Takino sawa, one of tributaries of the Horoman river in the southeastern part of the complex (Fig. 1) , is shown in Fig. 10 . In the thickest SDW layer, the Fo and NiO contents of olivine slightly decrease towards the center of the layer (Fig. 10) . These data Taki-no-sawa (see Fig. 1 ).
make a fractional crystallization trend starting from a value similar to the surrounding harz burgite of the MHL, whose olivine composition is in the "olivine mantle array" (Fig. 8) . The TiO2 content of spinel, whether increase or decrease in the layer, always tends to be higher near the margin of the layer. This tendency is common to all of the dunite layers of SDW. The TiO2 wt% and Fe3+ of spinel show a posi tive correlation. The TiO2 content and Na2O content of clinopyroxene also shows a positive correlation, though there is no systematic rela tionships between TiO2 and Mg/(Mg+Fe*) atomic ratio of clinopyroxene. The mineral chemistry of the SDW from the thickest layer also shows a slight variation along the strike. The Fo and NiO content of olivine slightly decrease eastwards, while they are kept constant in the surrounding harz burgite of the MHL.
Thin dunite layers in the harzburgite have mineralogical characteristics similar to the thickest dunite layer; the Fo content of olivine and the Cr# of spinel are the same as that of olivine at the surrounding harzburgite, but TiO2 content of spinel is higher than that of harz burgite. Spinel from spinel-rich dunitic layer is also richer in TiO2 than that from the sur rounding normal harzburgite.
The peridotites of the SDW banded with gabbroic rocks from upper part of the complex have an almost uniform composition similar to the thickest layer. The Cr# of spinel, however, sharply decreases in a few centimeters towards the contact with the gabbroic rocks.
VI. Discussion
The mineralogical variations of the MHL suite have characteristics for residual per idotites after various degree of melt extraction (Figs. 5 and 8) . Takahashi and Arai (1989) suggested that two-pyroxene spinel symplectite is a garnet pseudomorph.
Their interpretation is based both on the polygonal outline of symplectite inclusion in the orthopyroxene and on chemical characteristics of symplectite.
Some bulk composition of symplectite have the same composition as the reaction product between garnet and olivine, but some disagree with it to various degrees. The most fertile peridotite (plagioclase peridotite) of the MHL suite has symplectite of the former type. They also found that plagioclase-rich seams and olivine-spinel-plagioclase symplectite in plagio clase lherzolite were produced by a subsolidus reaction between aluminous spinel and two pyroxenes.
Increasing the degree of refractor iness of the peridotite, the bulk comopsition of symplectite tends to be deviated from the com position of garnet+olivine.
Genetical consid eration on the origin of the symplectite (Taka hashi and Arai, 1989) may indicate that the MHL peridotites had been formed by melt subtraction process from some garnet-bearing peridotite (s).
The BDH suite has mineralogical and tex tural discontinuities with the MHL harzburgite (Figs. 5, 8 and 9) . These facts indicate that the BDH peridotite has a distinct origin from the MHL peridoties.
The BDH suite is probably exotic blocks in the MHL suite. The BDH peridotites make a fractionation trend in FoCr# and Fo-NiO diagrams (Figs. 5 and 8) . The BDH peridotites from the Horoman river area occupy the less fractionated part than those from the Apoi area (Fig. 8) . Some ophiolites such as the Papuan ophiolites (England and Davies, 1973; Jaques, 1981) and the Horokanai ophiolite, Kamuikotan belt (Ishizuka, 1987 ) have olivine-orthopyroxene cumulates similar to the BDH peridotites.
The olivine and spinel compositions of the BDH peridotites are simi lar to those of the phenocryst pairs in the high magnesian andesite and related rocks (Arai and Takahashi, 1986) . It is inferred, therefore, that the BDH suite peridotites are early cumulates from this kind of magma.
The SDW suite has a characteristic modal composition such as enrichment in spinel and clinopyroxene.
The mineral chemistry, such as the low Ni content of olivine (Fig. 8) and high TiO2 content in spinel also characterizes the SDW suite. An increase in degree of partial melting results in a decrease of modal amounts of clinopyroxene in residual peridotites (e.g., Dick and Fisher, 1984) . As Arai (1984) report ed from Sangun and Kamuikotan residual harz burgite, the modal abundance of spinel decreases with an increase of degree of partial melting. If dunite of the SDW represents resid ual peridotite of very high degree of partial melting, it should be poorer in spinel and clinopyroxene than harzburgite of the MHL. Takahashi et al. (1987) indicated that olivines of the residual peridotites from upper mantle are plotted in a limited area on Fo-NiO dia gram. It is widely accepted that cumulus olivine contains lower NiO content than resid ual one (e.g., Sato, 1977 Takahashi, 1986 because Ni is highly compatible. These char acteristics of the SDW strongly indicate that the SDW peridotites are of cumulus origin.
The mode of occurrence that the dunite of the SDW always exists in the middle of the harzburgite layer of the MHL, combined with the above mentioned mineralogical characteris tics and continuous mineralogical variation from the surrounding harzburgite to the SDW, strongly supports the idea that the SDW is a cumulate from magma segregated from the MHL harzburgite. This fact indicates that considerable amount of melt was segregated towards the center of harzburgite zones of the MHL, not towards the layers of plagioclase lherzolite.
It has to be considered, therefore, that the peridotites of the MHL suite were formed by various degrees of partial melting and/or of melt extraction from the fertile primary per idotite (=the present plagioclase lherzolite). The variation in degree of partial fusion has to be locally very steep from the plagioclase lher zolite towards the harzburgite layers. Several possibilities for the local increase of degree of Origin of three peridotite suites from Horoman peridotite complex , Hokkaido, Japan 213 partial melting and/or melt extraction include 1) lowering of solidus by addition of fluid, 2) increasing of temperature by passage of high temperature melt from deeper part, 3) decreas ing of pressure by formation of cracks. These three possibilities are, however, not independent of each other; the crack forma tion may be induced by influx of fluid and melt (e.g., Nicolas and Jackson, 1982) . The third possibility is of essential importance.
The sharp boundaries between the SDW cumulate and the surrounding residual harz burgite of the MHL strongly indicate the involvement of cracks. Melt extraction can be induced by the crack formation which caused a local pressure decrease (Sleep, 1988) . This local pressure decrease can lower the solidus temperature and enhance local melting along the cracks. Along these cracks high-tempera ture melt and/or fluid of deeper origin can be transported to promote further melting by heat ing and/or lowering the solidus. Importantly, partial melts are sucked and segregated towards the cracks by local pressure release.
It is concluded that the melt segregation and formation of the layering of the MHL and SDW suites were caused by the crack forma tion. The melt segregation towards the crack caused selective depletion of the surrounding peridotites. Upon subsequent cooling, olivine was crystallized first from the segregated melt on the crack wall forming dunite. In the final stage of the solidification of the melt formed the SDW suite.
Spinel-rich dunitic harzburgite zones, which are found in almost all harzburgite layers of the MHL, were formed by the similar mecha nism to form the SDW, although small in scale.
The Horoman complex may have been formed in the upper mantle where partial melting, melt segregation through cracks, coo ling, crystallization and deformation continu ously occur. One possible tectonic situation of the formation of the Horoman complex is the uppermost mantle where a mantle plume up rises and spreads horizontally (Rabinowicz et al., 1984 (Rabinowicz et al., , 1987 
